Disturbances in energy homeostasis can result in obesity and other metabolic diseases. Here we report a metabolic pathway present in normal human skeletal muscle myoblasts that is activated by the small polyphenolic molecule kaempferol (KPF). Treatment with KPF leads to an ϳ30% increase in skeletal myocyte oxygen consumption. The mechanism involves a several-fold increase in cyclic AMP (cAMP) generation and protein kinase A activation, and the effect of KPF can be mimicked via treatment with dibutyryl cAMP. Microarray and real-time PCR studies identified a set of metabolically relevant genes influenced by KPF including peroxisome proliferator-activated receptor ␥ coactivator-1␣, carnitine palmitoyl transferase-1, mitochondrial transcription factor 1, citrate synthase, and uncoupling protein-3, although KPF itself is not a direct mitochondrial uncoupler. The cAMP-responsive gene for type 2 iodothyronine deiodinase (D2), an intracellular enzyme that activates thyroid hormone (T3) for the nucleus, is approximately threefold upregulated by KPF; furthermore, the activity half-life for D2 is dramatically and selectively increased as well. The net effect is an ϳ10-fold stimulation of D2 activity as measured in cell sonicates, with a concurrent increase of ϳ2.6-fold in the rate of T3 production, which persists even 24 h after KPF has been removed from the system. The effects of KPF on D2 are independent of sirtuin activation and only weakly reproduced by other small polyphenolic molecules such as quercetin and fisetin. These data document a novel mechanism by which a xenobiotic-activated pathway can regulate metabolically important genes as well as thyroid hormone activation and thus may influence metabolic control in humans. Diabetes 56:767-776, 2007
M
olecules that increase energy expenditure are hard to find. Aside from direct mitochondrial uncouplers, thyroid hormone is the most potent substance known to rapidly increase oxygen consumption (1) . Recently, it has been reported that dietary supplementation with bile acids confers resistance to diet-induced obesity via upregulation of thyroid hormone signaling in brown adipose tissue. The mechanism in this case involves binding of bile acids to the plasma membrane G protein-coupled receptor TGR-5, which increases cyclic AMP formation and subsequently expression of the gene encoding the thyroid hormoneactivating type 2 deiodinase (D2) (2) .
Given the discovery that bile acids can regulate energy expenditure and thyroid hormone activation via changes in D2 expression, we have begun to search for nutritional signals that could similarly alter energy expenditure. Our approach has included a screen of potential xenobiotic molecules, i.e., small molecules from plants that trigger biological effects in other organisms, for the ability to increase D2 activity. D2 activity and thyroid hormone T3 production in intact cells were selected as surrogates for induction of the metabolic rate because D2 induction is known to be part of a thermogenic program in brown adipocytes (3) and because D2-mediated T3 production in certain settings could directly contribute to energy expenditure (2) . Furthermore, methods for measurement of D2 activity and T3 production are easily performed and could be easily scaled up for screening studies.
Here we report our findings involving kaempferol (KPF), a small polyphenolic molecule found in a number of dietary sources (4) . Related polyphenlic molecules in the flavonol family have been reported to have multiple xenobiotic effects, including activation of sirtuins (5) . The sirtuins are NAD ϩ -dependent histone deacetylases known to be induced by caloric restriction, which have been suggested to play a role in fat mobilization as well as in insulin secretion (5) . Our studies indicate that KPF treatment increases energy expenditure in normal human skeletal muscle (HSM) myoblasts, while altering the expression of a set of metabolically important genes including Dio2, the gene for D2. In addition to characterizing the metabolic effects of KPF on HSM myoblasts, the present study explores the mechanisms underlying the stimulation of Dio2 expression and demonstrates that KPF increases D2-mediated T3 production.
(NEK-033; Perkin Elmer, Shelton, CT) according to the manufacturer's instructions and previously described methods (15) . Deiodinase activity. Type 1 and type 2 deiodinase (D1 or D2) activities were measured as previously described (16) . The different cell types were washed with PBS, harvested, and sonicated in 0.25 mol/l sucrose, 100 mmol/l potassium phosphate buffer, 1 mmol/l EDTA, and 10 mmol/l dithiothreitol. Protein concentration was measured by Bradford using BSA as a standard (17) . Assay reactions contained cell sonicates plus 0.5 nmol/l [ 125 I]T4 (for D2) or 0.5 mol/l [ 125I ]rT3 (for D1), 10 mmol/l dithiothreitol (for D1) or 20 mmol/l dithiothreitol (for D2) in potassium phosphate/EDTA buffer in a total volume of 300 l. For D2 activity, 1 mmol/l propylthiouracil was added to the reaction mixture to inhibit D1 activity. T4 to T3 conversion in intact cells. The production of 125 I from outer ring-labeled T4, specific activity 5,692 Ci/g, in intact cells was analyzed by measuring the level of 125 I in the medium as described and validated elsewhere (16, 18, 19) with the following modifications:
125 I-T4 was added ϳ8 h before cells were harvested; at the end of the experiment, 300 l medium was removed, 200 l horse serum was added, and protein was precipitated by the addition of 100 l of 50% trichloroacetic acid followed by centrifugation at 12,000g for 3 min; 360 l of the supernatant containing 125 I Ϫ was counted in a gamma counter (Cobra II; Packard, Meriden, CT) and expressed as the fraction of the total T4 counts minus the nonspecific deiodination in HEK cell lysate (Ͻ5% of the total 125 I-T4 counts) and corrected for the volume counted (60%) and the 50% reduction in the specific activity relative to T4. The remaining medium was discarded, the cell pellet was sonicated in PE buffer, and the total protein was assayed for activity normalization. Net T3 production is calculated by multiplying the fractional conversion by the free T4 concentration in the media (20 pmol/l) and expressed as fmol ⅐ h Ϫ1 ⅐ mg protein Ϫ1 . Real-time PCR. Total RNA was extracted using TRIzol reagent (Invitrogen) and used to synthesize cyclic DNA (cDNA) using SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). The RT-PCR was performed as previously described (20) using cyclophilin A as a housekeeping internal control. Standard curves representing 5-point serial dilution of mixed cDNA of the experimental and control groups were analyzed and used as calibrators of the relative quantification of product generated in the exponential phase of the amplification curve. Only the curves with r 2 Ͼ0.99 and amplification efficiency between 80 and 100% were used. Statistical analysis. All data were analyzed using PRISM software (GraphPad Software, San Diego, CA) and are expressed as means Ϯ SEM. One-way ANOVA was used to compare more than two groups, followed by the Student-Newman-Keuls test to detect differences between groups. The Student's t test was used to compare the differences between two groups. P Ͻ 0.05 was used to reject the null hypothesis.
RESULTS
KPF increases cellular energy expenditure. Cellular energy expenditure was studied using a recently developed noninvasive technology through which the OCR for ϳ50,000 intact cells is measured during repeated 7-min intervals, based on O 2 -mediated quenching of fluorescence from a fluorophore-containing ruthenium complex. In this setting, the metabolic effects of KPF were studied in primary cultures of HSM myoblasts treated for 24 -72 h with this small polyphenolic molecule. The OCR was significantly accelerated after 24 h (up ϳ15%) when compared with vehicle-treated cells, reaching an ϳ30% increase by 72 h of treatment with KPF ( Fig. 1A and B) .
To gain insight into the molecular mechanisms triggered by KPF, microarray studies using U133 Plus 2.0 Affymetrix chips containing Ͼ47,000 human transcripts were performed in RNA samples obtained from HSM myoblasts treated with KPF for 24 h. Notably, the signal of 741 probes was significantly affected by this treatment, though the magnitude of these changes was in most cases restricted within twofold of controls ( Supplementary Fig. 1 [available in an online appendix at http://dx.doi.org/10.2337/ db06-1488]). Only 42 transcripts varied outside these limits, but the corresponding genes are not known to be metabolically relevant (Supplementary Table 1 ). Nonetheless, the limited changes in probe signals served as the basis for a more accurate analysis of metabolically rele-vant gene expression performed by quantitative RT-PCR, now in cells treated with KPF for 36 h. The expression of five genes was induced by 1.5-to 3.5-fold, including uncoupled protein (UCP)-3, peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣), carnitine palmitoyl transferase-1, mitochondrial transcription factor 1 (mt-TFA), and Dio2 (Fig. 1C) . The time of onset of these changes in mRNA levels varied, but in some cases could be observed as early as 6 h after treatment with KPF ( Fig.  1D) .
Next, we sought to study mitochondria isolated from cells treated with KPF using a Clark electrode setup. To obtain enough cellular material for these experiments, we used a human MSTO cell line (MSTO-211H), which shares the expression of Dio2 with HSM myoblasts (7) and responsiveness to T3, while exhibiting much higher rates of oxidative phosphorylation. These cells were found to respond to KPF similarly, with 1.2-to 4-fold induction of those same key metabolic genes. In addition, the GLUT4 gene was also upregulated ( Fig. 2A) . In preparations of isolated mitochondria, no changes were observed on the basal succinate oxidation rate (state 2) or in the phosphorylation capacity after the addition of ADP (state 3), indicating that KPF does not stimulate oxidative phosphorylation capacity (Fig. 2B ). However, mitochondrial uncoupling was fully demonstrated with the use of the uncoupling agent Carbonyl Cyanide P-trifluoromethoxyphenlhydrazone (FCCP). Notably, the acceleration in oxygen consumption by FCCP was greater in mitochondria of KPF-treated cells, indicating enhanced maximal capacity of the respiratory chain (Fig. 2B) . KPF modifies metabolic gene expression profile in part by activating the cAMP-protein kinase A pathway. To further understand the mechanism through which KPF modulates gene expression and increases energy expenditure, MSTO-211H cells pretreated for 1 h with eight highly selective signaling inhibitors were exposed to KPF. Only the protein kinase A (PKA) inhibitor H89 was found to prevent the KPF induction of Dio2 (data not shown). In fact, pretreatment with H89 greatly decreased or completely blocked the 24-h KPF induction of mt-TFA, PGC-1␣, and UCP-3 mRNA levels but did not affect the induction of GLUT4 ( Fig. 2A ). This suggests that most of the KPF transcriptional effects depend on the cAMP-PKA pathway, a conclusion further supported by the finding that exposing MSTO-211H cells to dibutyryl cAMP, a stable cAMP analogue, for 24 h mimics the gene expression profile produced by KPF ( Fig. 2A) . In fact, the cAMP content of KPF-treated MSTO-211H cells progressively increased 1.9-to 3.8-fold during 30 -210 min of incubation (Fig. 2C) . Activation of this pathway was further supported by findings in HEK-293 cells transiently expressing a cAMP-responsive element-driven reporter gene (CRELuc) (Fig. 2D) . As the Dio2 promoter is known to have a cAMP-responsive element, HEK-293 cells were transiently transfected with a plasmid containing a Luc reporter driven by a 6.9-Kb Dio2 5Ј promoter region and treated with KPF (Fig. 2E ). There was a dose-dependent Luc induction that reached a maximum of approximately fivefold and was blocked by H89, while Luc activity was unaffected by KPF in cells transfected with a Dio2 promoter-less vector. Finally, to determine how relevant these cAMP-induced changes were for metabolic control, we incubated HSM myoblasts with 0.5 mmol/l dibutyryl cAMP for up to 72 h. This treatment resulted in a progressive acceleration of O 2 consumption, which reached 26 Ϯ 4 and 82 Ϯ 4% above vehicle-treated cells at 48 and 72 h, respectively. The effects of KPF on D2 induction are weakly reproduced by other small polyphenolic compounds. Focus was then turned to the KPF induction of Dio2. D2 is an important component of the thermogenic gene expression profile in stimulated BAT and probably in HSM (3, (21) (22) (23) . First, we verified that Dio2 induction by KPF resulted in a 8.5-to 50-fold increase in D2 activity in more than one cell line, including HSM myoblasts, MSTO-211H cells, and RMS-13 cells (Fig. 3A) . Second, the D2 induction was found to be selective with respect to the deiodinase family, since in GH4C1 cells, which constitutively express both D2 and the other T4-activating enzyme, D1, only D2 was stimulated by KPF, while D1 activity was in fact reduced by treatment with this small polyphenolic molecule (Fig.  3B ). This increase in D2 activity, which is normally quantified by detecting free iodide released during T4 deiodination, was confirmed by a parallel increase in T3 production measured after reaction mixtures were stopped and resolved by high-performance liquid chromatography (Fig. 3C) , whereas the D2 affinity for T4 remained unchanged (Fig. 3D) .
Next, we used D2 activity in RMS-13 cells as a readout to screen a large group of natural small polyphenolic molecules that include stilbenes, chalcones, flavones, flavanones, and flavonols and found that only two other flavonols, fisetin and quercetin, were capable of D2 stimulation of up to 3.5-to 5.0-fold (Fig. 3E) . This indicates that the presence of an OH group at position R3 negatively correlates with D2 stimulating potency within the flavonol group. This difference in potency was also observed while studying time-and concentration-dependency curves (Figs. 3F and G) . Lastly, given that fisetin is a strong activator of the sirtuin pathway (24), we tested whether treatment with other potent sirtuin activators such as resveratrol, piaceatannol, or butein could affect D2 activity. Notably, all three compounds reduced D2 activity level to 25-60% of that of vehicle-treated cells, with resveratrol being the most active in this regard (Table 1) . These results indicate that the effects of these small polyphenolic molecules on D2 are not the result of sirtuin activation. Induction of D2 activity by KPF also involves posttranscriptional mechanisms. It is notable that the induction of D2 mRNA was frequently less prominent than the induction of D2 activity, suggesting that treatment with KPF also induces D2 expression through a posttranscriptional mechanism. To address this possibility, we studied HEK-293 cells transiently expressing D2 with a FLAG peptide tagged to either end of D2. In such cells, D2 protein levels as assessed by Western blotting were markedly elevated after treatment with KPF, while D1 protein levels were unaffected by similar treatment (Fig. 4A) . To explore this posttranscriptional mechanism further, we then focused on the RMS-13 cells in which the induction of D2 activity by KPF is sizeable (Fig. 3A) but the transcriptional effects of KPF less pronounced (data not shown).
Because D2 is known to have a 20-min half-life due to ubiquitination and proteasome degradation, we next tested whether treatment with KPF could interfere with the rates at which D2 is processed through this pathway. Remarkably, in RMS-13 cells the addition of cycloheximide, a commonly used inhibitor of protein synthesis, revealed a dramatically slowed loss of D2 activity of the cells that had been treated with KPF, indicating a prolongation of D2 half-life (Fig. 4B) . To explore this mechanism further, we first verified that in RMS-13 cells D2 is indeed normally processed by the proteasome system. This in fact is the case, since in other cell lines, treatment with MG132, a specific proteasome inhibitor, increased D2 activity by approximately fourfold (Fig. 4C ). Next, we tested whether KPF could interfere with D2 uptake by the proteasome complex by combining KPF and MG132 treatments, but this did not seem to be the case (Fig. 4D) . Furthermore, we observed that the mRNA levels of WSB-1 (suppressor of cytokine signaling [SOC] box-containing WD-40 protein), the D2-specific ubiquitin ligase, and VDU-1/USP33 and VDU-2/USP20, two D2 deubiquitinases, were unaffected by treatment with KPF (Fig. 4E) . A lack of KPF effects on D2 processing through the ubiquitin-proteasome pathway was also verified in HEK-293 cells (Fig. 4F-H) . First, we documented that treatment with KPF did not affect the levels of WSB-1, VDU-1/USP33, or VDU-2/USP20 transiently expressed proteins (Fig. 4F) . Second, WSB-1 knock down also did not interfere with the activity level of transiently expressed D2 (Fig. 4G) , and, lastly, co-expression of D2 and VDU-1/USP33 did not prevent the KPF effect on D2 activity level, which combined with the results of the other experiments ( Fig. 4A-E ) strongly suggests an alternative pathway for the effects of KPF on D2 half-life. KPF-induced T3 production in intact cells. Next, we studied the effect of KPF on deiodination in intact cells, a method by which this process could be examined at physiological cofactor and free T4 concentrations (25) .
FIG. 2. KPF increases cAMP concentration. A: Gene expression profile in MSTO-211H cells treated for
MSTO-211H cells were incubated with 20 pmol/l free 125I-T4 for ϳ8 h, and T3 production was calculated based on the free 125I content in the media. Under these conditions, T3 production increased progressively with the concentration of KPF, reaching a maximum of ϳ2.4-fold stimulation after 48 h of treatment with 7 mol/l KPF (Fig. 5A) .
However, this substantial increase in T3 production is lower than would be predicted given the ϳ50-fold stimulation in D2 activity measured in MSTO-211H cell sonicates (Fig. 3A) . Furthermore, the increase in T3 production in intact cells is best seen at 48 h of KPF treatment, but the increase in D2 activity in cell sonicates could be seen in as little as 3 h (Fig. 3F) . Given that D2 protein is clearly increased by KPF treatment (Fig. 4A) , we next tested the hypothesis that the ability of D2 to catalyze thyroid hormone activation was being impaired to some extent by KPF. T3 production was measured in MSTO-211H cells following 24-h exposure to 10 mol/l KPF (Fig.  5B) . Remarkably, KPF washout resulted in a prompt 2.5-fold stimulation of T3 production compared with untreated cells, which peaked ϳ5 h after KPF washout, and this stimulation persisted Ͼ24 h (Fig. 5B) . These data indicate that while KPF increases D2 enzyme levels, the catalytic ability of the increased D2 is limited such that the increase in T3 production is less than might be expected otherwise.
DISCUSSION
The present studies indicate that KPF can be a potent stimulus of energy expenditure, increasing oxygen consumption in HSM myoblasts significantly at low micromolar concentrations (Fig. 1) . The KPF-D2 pathway was found to be consistently operant in a number of different cell lines, allowing us to take advantage of the high oxidative capacity of MSTO-211H cells, the high transfection efficiency of HEK cells, and the minimal transcriptional regulation of D2 in RMS-13 cells in order to dissect out the underlying molecular mechanism. Studies of isolated mitochondria from KPF-treated MSTO-211H cells indicate that KPF does not act as a direct mitochondrial uncoupler (Fig. 2B) . Instead, its effects result from increased cAMP production ( Fig. 2A and C-E) and induction of a set of metabolically relevant genes (Figs. 1C and D and Fig. 2A) . With the exception of GLUT4, the induction of all metabolically relevant genes by KPF can be linked to increased cAMP production and PKA activation (Fig. 2A) . Indeed, it has been observed previously that KPF increases intracellular cAMP concentrations in colonocytes (26) and uterine smooth myocytes (27) , possibly through inhibition of phosphodiesterases (28) . While we have no evidence of direct activation of adenylyl cyclases by KPF (data not shown), the structural similarity between KPF and forskolin, also a small polycyclic molecule extracted from plants that directly activates adenylyl cyclase, is notable (29) . Ultimately, the potential significance of these findings stems from the identification of this pathway in primary human muscle cells, raising the possibility of therapeutic applications.
A wealth of literature exists regarding possible beneficial effects of KPF and other small polyphenolic molecules, for example in cancer prevention and in the treatment of neurologic and cardiovascular disease (30, 31) . Furthermore, flavonols have been reported to increase lipolysis (32, 33) , prompting its addition into many dietary supplements. The current data are novel in that KPF is identified not only as a xenobiotic agent that could increase energy expenditure, but also one that could regulate thyroid hormone activation. However, it must be noted that the KPF concentrations that produced biologic effects seen in this study (2-20 mol/l) cannot easily be attained via dietary supplementation, since for example ingestion of ϳ9 mg KPF contained in a cup of endive soup raises serum KPF concentrations to only ϳ0.1 mol/l (34). Nevertheless, it is fascinating to speculate as to whether beneficial effects of KPF on human metabolism and thyroid hormone action could be realized if the molecule could be delivered such that plasma levels reached 2 mol/l, a concentration sufficient to substantially induce D2 activity in our studies. Indeed, considering the potency of KPF treatment on oxygen consumption, with a massive 30% increase seen at 20 mol/l KPF, it would probably not be necessary to achieve concentrations that high in plasma in order to observe a beneficial therapeutic effect. It is even possible that the changes in gene expression and the stimulation of T3 production following KPF exposure are cumulative.
It is clear from our data that KPF has additional effects beyond its positive cAMP-mediated transcriptional effects (Figs. 2-4) . In fact, given that the magnitude of the KPF-induced changes in D2 mRNA is about threefold, the bulk of the increase in D2 activity (up to 50-fold in MSTO-211H cells) must be attributed to the posttranslational effects. D2 can be inactivated via selective ubiquitination but can also be reactivated via deubiquitination, such that proteasomal degradation is not mandatory (6, 11) . Given that the D2 deubiquitinase VDU-1/USP33 is cAMP responsive, we explored the possibility that KPF, acting either via cAMP or another pathway, accelerates D2 deubiquitination (9) . However, we failed to find a direct connection between KPF and D2 deubiquitination, indicating that another posttranscriptional mechanism exists for regulation of D2 activity (Fig. 4) . Currently, the molecular nature of the posttranslational effects of KPF on D2 remains unclear. While previous reports suggest that very high concentrations of KPF (70 mol/l) added to cell sonicates inhibit D1 (35), we found no such inhibition of D2 at the concentrations used in this study (data not shown). One possible explanation could be that KPF limits D2 ubiquitination via interference with D2 catalysis, since D2 ubiquitination is accelerated by binding to its substrate (T4). This would explain the discrepancy between the rate of T3 production as measured in KPF-treated intact MSTO-211H cells, which is increased ϳ2.4-fold (Fig. 5A) , versus D2 activity as measured in MSTO-211H cell sonicates, which is increased ϳ50-fold (Fig. 3A) . In this regard, KPF has been shown to have pro-oxidative properties, as it induced a concentrationdependent decrease of both the glutathione (GSH) content as well as GSH-S transferase (GST) activity in rat hepatocytes (36), a finding that we confirmed in KPF-treated MSTO-211H cells (data not shown). Thus, it is logical to hypothesize that KPF may limit D2 catalysis in intact cells by somehow interfering with its endogenous thiol cofactor, but confirmation of this hypothesis cannot be completed until the identity of the thiol cofactor is known. In any case, it is clear that KPF does increase D2 enzyme levels (Fig. 4A) , since T3 production increases further during wash-out of KPF, such that there is a net increase in T3 production both during KPF treatment and even 24 h after exposure to the drug is terminated (Fig. 5) .
In summary, the present studies reveal that KPF increases energy expenditure while activating a thermogenic transcriptional program that includes several known metabolically relevant genes, including UCP-3, PGC-1␣, carnitine palmitoyl transferase-1, cytrate synthase, mt-TFA, and Dio2. Furthermore, KPF has posttranslational effects on D2 that increase its half-life while limiting its ability to catalyze T3-production, creating a pool of D2 enzyme that can mediate increased T3 production, even many hours after KPF is removed from the system. If this KPF metabolic mechanism could be harnessed pharmacologically, a potentially important therapeutic strategy could be realized for the treatment of metabolic disorders.
